We report a promising approach to align molecules in a polymer film patterned by nanoimprint lithography. We found that molecules and chromophores are spontaneously aligned in the plane of the film during the nanopatterning process. Since the polymer-chromophore ͑called guest-host͒ system plays an important role in the field of nonlinear optics and organic optoelectronics, in this letter we present a technique to combine the high-resolution patterning capability of nanoimprint lithography with the ability to control molecule and chromophore orientation. It opens up a way to realize new molecular electronic and optoelectronic devices.
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Control of molecular and chromophore orientation in polymeric matrices leads to many interesting material properties and potential applications. First, molecular orientation in semiconducting polymers leads to anisotropic electronical conductivity.
1 Second, anisotropic linear optical properties such as polarized photoluminescence, 2 electroluminescence, 3, 4 and anisotropic optical absorption 4 can be generated. Optical devices such as polarized organic lightemitting diodes ͑OLEDs͒ 3,4 and optical polarizers are based on such anisotropic optical properties. Third, oriented molecules and chromophores break a material's macroscopic centrosymmetry. Accordingly, various second-order nonlinear optical phenomena and devices are possible [5] [6] [7] of which two important examples are the electro-optical modulator 5, 6 and the frequency converter ͑sum frequency generation͒. 5, 8 Fourth, oriented molecules and chromophores in a polymer can be further used as a template for aligning other molecules such as liquid crystal molecules. 4, 9 Several methods are used to align molecules or chromophores in a polymer matrix. Poling by electrical field [5] [6] [7] or laser 10 is a widely used technique to generate molecule orientation. However, for in-plane orientation of molecules, electrodes with a planar geometry are needed. 7 Since it is hard to obtain a short ͑submicron͒ distance between the electrodes, a large voltage is normally needed for in-plane poling. Furthermore, the need for planar electrodes could be incompatible with the device geometry. Rubbing is another simple way to orient molecules or chromophores near the surface ͑Ͻ10 nm͒ of the polymer substrate. 4, 9, 11 The problems with rubbing are manyfold. It is hard to control and the process easily introduces dust and static charge. Elongation ͑stretching͒ is another widely used method to generate molecule and chromophore orientation in a polymer substrate; 3 however, the difficulty in controlling the deformation caused by elongation at the micron scale limits its wide application. Other methods, including self-assembly ͓e.g., the LangmuirBlodgett ͑LB͒ technique͔ 12 and epitaxial growth on a prealigned surface, 4 have also been used previously. In this letter, we report a promising approach to align molecules and chromophores in the plane of a thin polymer film. Molecule and chromophore alignment is observed in the polymer ͑poly-methylmethacrylate based͒ film after patterning by nanoimprint lithography. 13, 14 We show that molecules and chromophores are spontaneously aligned in the nanopatterning process. Combining the high resolution patterning capability of nanoimprint lithography 13, 14 with the ability to control molecule and chromophore orientation opens up a way to realize new optoelectronic and photonic devices that are impossible or difficult to make with existing techniques. One such example is the nonlinear photonic crystal, 15 where periodic molecule or chromophore orientation is needed.
In this work, we use both poly-methylmethacrylate ͑PMMA͒ ͑molecular weight 15 000͒ and PMMA-MA copolymers as the polymer matrix. This matrix is doped with an organic dye molecule ͑DCMII whose molecular structure is shown in Fig. 1͒ with a weight percentage of 1%. 16 The PMMA/DCMII ͑or PMMA-MA/DCMII͒ blends are dissolved in chlorobenzene and then spin coated onto either silicon or glass substrates. The thickness of the film is about 150 nm as determined by an ellipsometer.
The polymer ͑PMMA/DCMII and PMMA-MA/DCMII͒ films were patterned by nanoimprint lithography. APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 2 10 JULY 2000 sub-10 nm resolution. Direct patterning of PMMA resist 13, 14 and thermoplastic polymer ͑polycarbonate, PVC, and etc.͒ substrates 17 has been demonstrated. In the nanoimprint process, a mold with nanostructures on its surface is pressed into a thin polymer layer cast on a substrate. The polymer, a thermoplastic, is deformed by the mold when heated above its glass transition temperature. After the polymer is cooled down below its glass temperature, the mold is removed. A detailed description of the nanoimprinting process can be found elsewhere. 13, 14 In this work, grating molds with periods of 200 and 300 nm, respectively, were used which were fabricated by interference lithography. 18 The molds were made in silicon dioxide thin films ͑180 nm thick͒ grown on silicon substrates. The processing temperature, time, and pressure for imprinting were 175°C, 15 min, and 100 lb/cm 2 , respectively.
Figures 2͑a͒ and 2͑b͒ show the scanning electron microscope ͑SEM͒ images of the patterned PMMA/DCMII gratings by nanoimprint with periods of 200 and 300 nm, respectively. By deforming the polymer physically through a thermomechanical process, the nanoimprint process creates a polymer relief pattern that is a negative copy of the topography of the molds. The depth of the patterned PMMA/DCMII grating is about 180 nm, which is the same as that of the molds used.
For the DCMII dye molecules as shown in Fig. 1 , the dipole transitions are oriented mainly along the molecular chain direction. If the molecules have macroscopic orientation, the optical absorption, as well as the photoluminescence, will become anisotropic. 3 To investigate any molecule orientation effect, we first did a photoluminescence measurement. An argon ion laser with a wavelength of 488 nm was used as an excitation source. The luminescence signal from the sample is focused into a monochromator and then detected by a photomultiplier. An optical polarizer is inserted in front of the photomultiplier, which is used to select the signal polarization direction. Figure 3 shows the results of typical samples with period of 200 ͓Fig. 3͑a͔͒ and 300 nm ͓Fig. 3͑b͔͒, respectively. It is found that the luminescence intensity is strongest when the polarization direction of the polarizer is parallel to the grating line direction of the imprinted samples. In contrast, the weakest signal intensity is obtained when the two directions are perpendicular to each other. A typical dichroism ratio for the 200 and 300 nm period samples is 1.8 and 1.4, respectively. For comparison, we also did measurements for the spin coated flat polymer films ͑without going through the imprint patterning process͒. No anisotropic photoluminescence behavior was observed.
To rule out the possibility of any geometry ͑subwave-length grating͒ effect, 19 we prepared other samples with a prepatterned 200 nm period and 180 nm deep gratings on both silicon and silica substrates. Then the PMMA/DCMII solution is spun on. After spin coating, some samples were baked at 175°C, the same temperature used in the nanoimprinting process. We measured the photoluminescence, however, and no anisotropic optical behavior is observed from these samples.
From the above photoluminescence measurements, we conclude that the DCMII molecules ͑or chromophores͒ have an average macroscopical in-plane orientation along the grating line direction. To further confirm this, we also measured the optical absorption spectrum for those imprinted samples having a glass substrate. A typical result for a 300 nm period imprinted sample is shown in Fig. 4 . It is seen that the polymer has a larger absorption for light polarized parallel to the grating direction. The optical absorption results are consistent with the photoluminescence measurement.
Another interesting phenomenon we observed is that the in-plane molecular orientation generated by the nanoimprint patterning process can be totally erased by applying a vertical voltage ͑20 V͒ between the mold and the sample during the whole imprint process. Here, the mold and sample are made on a silicon substrate and contact electrodes are attached to the backsides of both. Since silicon is resistive, the dc voltage is actually applied to the interface between the mold and sample. Given the thickness of the polymer and the silicon dioxide layer at the interface, we estimate that the electrical field is about 5ϫ10 5 V/cm for 20 V, a field comparable to the magnitude of that typically used in the electrical poling process. 6, 7 To understand the mechanism of the molecular and chromophore alignment generated during the nanoimprinting process, we need to look more into the process involved in the thermomechanical deformation of the imprinting process. After the polymer is heated above its glass transition temperature, it starts to deform and flow as a viscous liquid. The nanopatterns on the mold surface will guide the flow and deformation. For the grating mold, the soft polymer fills the nanocapillary channels of the mold. Meanwhile, it is also very possible that an intrinsic stress exists during the heating, deformation, and cooling processes. Previously 20, 21 it has been found that mechanical flow and stress during largescale molding and embossing processes can lead to polymer chain orientation along the flow and stress directions. We believe that what we observed here at the submicron scale could bear some resemblance to macroscopic systems.
In conclusion, spontaneous molecule and chromophore alignment is observed in polymers patterned by nanoimprint lithography. By simultaneously controlling molecule and chromophore orientation during the nanopatterning of polymers, new device structures are available. It has important implications for molecular electronics and optoelectronics. The alignment mechanism generated by the nanoimprint patterning process could be extended to other polymer and molecule ͑chromophore͒ materials.
